Abstract: A solid catalyst tailored to perovskite structure was synthesized and investigated for catalytic activity in a transesterification reaction to form biodiesel. The catalyst has demonstrated high catalytic activity and selectivity for biodiesel under very mild reaction conditions and short reaction times. The catalyst system has shown robust resistance to leaching of the active phase when reused. The performance was attributable to the perovskite structure and the dopant metal used. Hence, this work has shown that the structure and dopant metal of the solid catalyst could be tailored to enhance catalytic activity and durability for renewable fuel synthesis.
Introduction
The incessant rise in environmental issues such as global warming, climate change, and industrial and automobile emissions from the use of fossil fuels has kept the demand for alternative fuels on the increase [1] [2] [3] [4] [5] . Biofuels such as biodiesel are seen as viable alternatives as they are renewable, sustainable, cheaply and readily available, and environmentally benign 2, [6] [7] [8] [9] . Biodiesel synthesis is well researched with lots of successes especially in the areas of alternative feedstock from edibles to non-edibles, and catalyst development 6, 7, [10] [11] [12] . It is important to say that catalyst development remains one of the areas that still needs significant attention. Most of the catalysts developed lack robust structures that enable them to resist deactivation [10] [11] [12] . They work only for a certain period and get deactivated due to certain properties such as a decline in surface area and leaching out of the active phase of the catalyst into the reaction solution thereby gradually losing activity. Therefore on many occasions, some of the so-called heterogeneous catalysts function both as homogenous and heterogeneous catalysts. CaO and SrO for instance, are very active and known to catalyse transesterification reactions but get deactivated easily due to leaching of the active phase [13] [14] [15] [16] . Therefore, there is still much to be done to make these catalyst materials robust and strongly resistant to most agents of deactivation. Perovskite structures are known for their thermal stability, catalytic activity, and durability, and are very suitable for doping as a result of their ability to tilt or stretch bond angles in order to accommodate steric constraints from dopant cations [17] [18] [19] . Consequently, integrating the Ca or Sr ions into the lattice structure of the perovskite could enhance stability and activity, as well as hindering the leaching of the active phase thereby prolonging the durability and reusability of the catalyst.
In this work, we developed a catalyst system with a perovskite structure incorporating alkaline Ca 2+ and Sr 2+ ions and used it to demonstrate the catalysis of a transesterification reaction to form biodiesel. The alkaline metal strontium was doped into the B-site of the stoichiometric perovskite parent lattice structure with the formulation CaMnO 3 for manganese giving the structure CaZ x Mn (1-x) O 3 , where Z= Sr and x=0.2 and 0.5 respectively. The perovskite structure has provided a robust parent structure and the synergy between the calcium and strontium metals has enhanced surface properties such as surface morphology and the basic strength of the active sites. These have manifested in the good catalytic activity and selectivity for the desired product demonstrated by the catalyst system. In addition, the catalysts have also shown strong resistance to the leaching of the active phase, attributable to the robust perovskite structure, and are hence highly reusable.
Experimental

Catalyst Processing
The catalyst system was prepared by sol-gel synthesis using citric acid as a chelating agent. The required amount of Ca(NO 3 
Catalyst Characterization
The microstructure and morphology was investigated using field emission scanning electron microscopy (FESEM) JEOL JSM6700F and surface area analysis was performed with the aid of a Micrometrics TriStar II 3020 model using nitrogen adsorption/desorption at 77.35K.
Biodiesel Synthesis
0.5 g of the catalyst was mixed with 50 g of soybean oil in a three-necked round bottom flask (250ml) capped with glass stoppers and equipped with a reflux condenser to guard against loss of methanol. A magnetic stirrer was used to keep the mixture agitated on a hot plate at the desired rate. When the desired temperature was attained, a suitable amount of catalyst and methanol was added and stirring was continued. Timing was started when the reaction had reached the desired temperature. Samples were collected at specific intervals into small vials using Pasteur pipettes and dried in air to remove dissolved methanol. Conversion was measured using 400MHz quantitative 1 H NMR. After the reaction, the catalyst was removed and then the reaction was allowed to sit overnight for the effective separation of biodiesel and glycerol. After each run, the catalyst recovered was washed with methanol.
Results and Discussion
Physicochemical Surface Properties and Microstructure
The surface properties such as surface area, pore size, and volume, as well as the microstructure of the prepared material was investigated, and the results are shown in Table 1 and Figure 1 respectively.
The results in Table 1 suggest that despite the sol-gel synthesis used in preparing the samples which gives small particle size and good surface area, the high sintering temperature employed has relatively reduced the surface area. Nonetheless the surface area is reasonable and the pore size suitable for biodiesel synthesis. This is corroborated by the good microstructure shown in Figure 1 . The surface morphology and particle size in the microstructure of the materials enhanced surface reaction as seen in the results illustrated in Figure 2. 
Screening test for catalytic activity
The catalytic activity of the catalyst systems was evaluated using biodiesel yield as an index for the catalytic performance at 60 o C, with an oil to methanol ratio of 1:12, using 0.5 g (1% based on the weight of the oil used for the synthesis) of catalyst for four (4) hours. The results obtained as shown in Figure 2 suggest that both catalysts are active in the transesterification reaction. The catalyst system with the doping ratio of 20% (CaSr 0.2 Mn 0.8 O 3 ) was more active than the system with 50% (CaSr 0.5 Mn 0.5 O 3 ). The catalytic activity and performance of the perovskitestructured material CaSr 0.2 Mn 0.8 O 3 favourably compare with that of a material with similar constituents but a different structure 20 . The perovskite-structured material has the advantage of relatively no leaching of the active phase as demonstrated by the fact that the same reaction performed with methanol that had been kept with the catalyst under the same reaction conditions, yielded no significant biodiesel.
Therefore the structural properties of this material as a catalyst can be tailored by integrating it into the lattice structure of a robust material to enhance surface properties for good catalytic behaviour.
To further evaluate the performance of the catalyst, factors that influence biodiesel yield such as oil to methanol ratio, reaction time, and temperature were optimised using the most active catalyst-CaSr 0.2 Mn 0.8 O 3 only. Figure 3 compares the influence of the oil-methanol ratio to reaction temperature. The biodiesel yield increases with an increase in both oil-methanol ratio as well as reaction temperature which reaffirms the importance of these factors to biodiesel synthesis. The maximum yield of 100% was obtained at 80 o C and with an oil-methanol ratio of 1:12. The results show that a good yield is obtainable under mild reaction conditions with the catalyst system at a very low temperature and oil-methanol ratio. These corroborate the behaviour of most basic catalysts, unlike acid catalysts, that consume alcohol and require a relatively high temperature. The catalyst performance is also comparable to other materials commonly used as catalysts in biodiesel synthesis [9] [10] [11] [12] . This further suggests that integrating a suitable dopant to fine tune the lattice structure of the material enhances catalytic behaviour.
Comparison of the influence of the oilmethanol ratio to reaction temperature
Optimization of reaction time
The duration of reaction, or reaction time, is also one of the factors that influences the yield of biodiesel. During the transesterification reaction, samples were withdrawn every hour and the yield evaluated by 1 H NMR to assess the catalyst performance. The results of the test as shown in Figure 4 suggest that biodiesel synthesis changes progressively over time and highest conversion was obtained within four hours. The bulk of the yield (86%) was obtained within the first two hours after which the increase was slow and only 10% more conversion was recorded at four hours. This shows that though the Results of the screening test for the catalyst systems performed at 60 o C, oil to methanol ratio of 1:12 using 0.5g of catalyst for four (4) hours to evaluate the activity and performance of each catalyst system. maximum yield was reached in four hours, a good yield is attainable with the catalyst system within two hours and that two hours could represent the optimum time.
Conclusion
A perovskite-structured catalyst was successfully synthesised and surface basic and structural properties were modified with alkaline metals, which enhanced catalytic activity and the reusability of the catalyst system. The catalyst was found very active in the transesterification reaction to form biodiesel, and resistant to deactivation by leaching of the active phase. Consequently, integrating the catalyst into a robust structure enhances the surface properties and catalytic behaviour. 
